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The  aim  of  the  present  work  is  to  prepare  a  novel  polymer  electrolyte  (PE)  based  on  multi  component 
polymer  blend  of  polyacrylonitrile  (PAN),  poly( methyl  methacrylate)  (PMMA)  and  polystyrene  (PS)  with 
varying  compositions  by  electrospinning.  Structural  characterization  is  carried  out  using  X-ray  diffraction 
(XRD).  The  thermal  and  crystalline  properties  of  the  blend  are  studied  by  thermo-gravimetric  analysis 
(TGA)  and  differential  scanning  calorimetry  (DSC),  respectively.  Morphology  of  the  membrane  is  exam¬ 
ined  by  field  emission  scanning  electron  microscope  (FE-SEM).  The  voids  and  cavities  generated  by  the 
interlaying  of  the  fibers  are  effectively  utilized  for  the  preparation  of  PE  by  loading  with  lithium  hexafluo- 
rophosphate  (LiPF6)  dissolved  in  ethylene  carbonate  (EC)/diethyl  carbonate  (DEC).  The  ionic  conductivity 
of  the  polymer  blend  electrolyte  is  studied  by  varying  the  PMMA  and  PS  content  in  the  PAN  matrix.  The 
blend  polymer  electrolyte  shows  ionic  conductivity  of  about  3.9  x  10-3  Scm-1.  The  performance  evalu¬ 
ation  in  coin  cells  show  good  charge-discharge  properties  and  stable  cycle  performance  under  the  test 
conditions.  The  result  shows  that  the  prepared  polymer  blend  electrolytes  are  promising  materials  for 
lithium  ion  batteries. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolytes  (PEs)  composed  of  polymers  singly  or  as 
blends  complexed  with  suitable  salts  impart  good  safety  char¬ 
acteristics  to  lithium  ion  batteries  (LIBs).  PEs  are  a  relatively 
under  explored  part  of  modern  batteries.  Use  of  a  PE  to  overcome 
safety  problems  associated  with  lithium  batteries  was  proposed  in 
the  early  1980s.  Solid  polymer  electrolytes  (SPEs)  as  well  as  gel 
polymer  electrolytes  (GPEs)  were  extensively  reported  by  many 
groups  [1-3].  All  those  PEs  possessed  very  low  room  temperature 
ionic  conductivity  as  compared  to  the  aprotic  organic  electrolytes 
used  in  conventional  lithium  cells.  Common  GPEs  exhibit  high 
ionic  conductivities  (~1 0-3  S  cm-1 )  [4],  however,  their  mechanical 
properties  are  not  sufficient  for  practical  applications.  The  recent 
attention  to  GPEs  is  thus  focused  on  achieving  high  ionic  conduc¬ 
tivities  as  well  as  good  mechanical  properties.  In  connection  with 
this,  the  novel  preparation  method  of  the  PEs  based  on  polymer 
blends  or  copolymers  has  been  reported  [5-7].  GPEs  are  prepared 
by  immersing  the  porous  polymer  film  in  aprotic  solvent  with  high 
dielectric  constant,  which  dissolves  enough  charge  carriers  and 
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provides  more  mobile  medium  for  the  ions,  thereby  enhancing  the 
conductivity  of  the  resultant  films  [5].  The  conductivity  of  GPEs  is 
dominated  by  quantity  of  the  liquid  electrolyte  absorbed  by  the 
polymer  matrix,  porosity  and  pore  distribution.  It  is  important  for 
good  cell  performance  that  the  absorbed  liquid  electrolyte  sustains 
within  the  polymer  matrix  during  cycling. 

In  GPEs,  the  polymer  component  would  render  necessary  sta¬ 
bility  to  the  lithium  anode/electrolyte  interface,  which  thereby 
reduces  dendrite  growth  on  lithium  anode.  GPEs,  based  on 
poly(vinylidene  fluoride)  (PVdF)  [8],  poly(vinylidene  fluoride-co- 
hexafluoropropylene)  (P(VdF-co-HFP)}  [9],  poly( methyl  methacry¬ 
late)  (PMMA)  [10]  and  poly( acrylonitrile)  (PAN)  [11]  have  been 
widely  studied  as  host  polymers.  The  membrane  properties  such  as 
porosity,  tortuosity  and  uniformity  of  pore  distribution  are  strongly 
dependent  on  its  processing  method.  Different  methods  such  as 
solvent  casting  [12],  plasticizer  extraction  [13],  phase  inversion 
[14]  and  electrospinning  [9]  have  been  reported  for  the  mem¬ 
brane  preparation.  Compared  to  cast  membranes,  it  is  reported  that 
the  GPE  based  on  electrospun  membranes  shows  higher  porosity, 
electrolyte  uptake  and  ionic  conductivity  due  to  the  presence  of 
fully  interconnected  pore  structure  [14].  Electrospinning  is  a  sim¬ 
ple  and  versatile  method  which  is  gaining  importance  in  recent 
years  as  membranes  prepared  by  employing  this  method  have  con¬ 
trolled  properties.  The  electrospun  polymer  membranes  consist  of 
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thin  fibers  of  micron/sub-micron  diameters  with  high  specific  sur¬ 
face  area.  The  interlaying  of  fibers  generates  large  porosity  with 
fully  interconnected  pore  structure  that  facilitates  easy  transport 
of  ions,  and  serves  as  good  host  matrices  for  GPEs.  Earlier  electro¬ 
chemical  studies  of  PEs  based  on  electrospun  membranes  of  PVdF 
[8],  P(VdF-co-HFP)[9,14],  PAN  [15]  and  P(VdF-co-HFP)/PAN  blend 
[5]  have  demonstrated  their  potential  application  in  lithium  ion 
batteries. 

Among  these  host  polymers,  PAN  based  electrolytes  have  shown 
interesting  characteristics  like  high  room  temperature  ionic  con¬ 
ductivity,  thermal  stability,  resistance  to  oxidative  degradation, 
and  good  compatibility  with  the  lithium  electrodes,  which  mini¬ 
mize  dendrite  growth  during  the  charging/discharging  process  of 
LIBs  [16].  It  is  reported  that  the  — CN  groups  in  PAN  could  inter¬ 
act  with  —CO  groups  of  the  liquid  electrolytes  such  as  propylene 
carbonate  (PC),  ethylene  carbonate  (EC)  etc.,  as  well  with  lithium 
ions  [17].  Many  groups  demonstrated  PAN  based  GPE  prepared  by 
phase  inversion  method  and  its  electrolyte  behavior  [17,18].  It  is 
found  that  PAN  provides  rigidity  and  other  characteristics  to  the 
PEs  with  augmented  lithium  ion  conduction;  however,  PAN-based 
electrolytes  have  undesirable  effects  such  as  liquid  extraction  from 
the  gel,  which  results  decrease  in  ionic  conductivity  for  the  PEs 
upon  long  term  storage.  Also  the  porous  PAN  membranes  are  very 
brittle  for  the  reason  that  the  interaction  of  adjacent  cyanide  groups 
increases  the  resistance  of  interior  rotation  of  the  main  chain  and 
thus  decreases  the  flexibility  of  the  polymer  chain  [  1 9  ].  It  is  reported 
that  these  drawback  have  been  overcome  by  blending  PAN  with 
other  polymers  [5]. 

PMMA  is  one  of  the  host  polymers  previously  used  in  plasti¬ 
cized  PEs,  which  was  first  reported  by  Iijima  et  al.  [20]  and  more 
recently  by  Bohnke  et  al.  [10].  Appetecchi  et  al.  [21]  studied  the 
kinetics  and  stability  of  the  lithium  electrode  in  PMMA-based  gel 
electrolytes.  PMMA  is  a  common  thermoplastic  polymer  with  well- 
known  chemistry.  Its  amorphous  structure  is  beneficial  to  ionic 
conduction  and  PMMA-based  gel  electrolytes  have  shown  excellent 
interfacial  stability  towards  lithium  metal.  The  pendant  — COOCH3 
is  not  likely  to  crystallize  around  Li+  as  PEO  does.  PMMA  based 
PEs  exhibit  high  electrolyte  uptake,  ionic  conductivity  and  good 
electrochemical  stability  [22].  Unlike  PAN,  PMMA  has  ability  to 
make  chemical  cross-linking,  which  will  remarkably  increase  the 
mechanical  strength  and  the  electrolyte  solution  retention  ability  of 
the  PE  [23,24].  Also  it  has  been  reported  that  gel  electrolytes  based 
on  cross-linked  PMMA  can  suppress  lithium  dendrite  formation 
[23]. 

Polystyrene  (PS)  is  an  amorphous  polymer  having  higher  Tg 
(100  °C)  and  good  thermal  stability.  Only  few  reports  are  there  on 
electrochemical  properties  of  PS  and  in  most  cases  the  material 
was  used  in  blends  with  other  polymer  to  provide  toughness  to 
the  blend  [24].  It  is  well  known  that,  at  higher  temperatures,  the 
backbone  of  PS  start  to  slide  past  each  other.  This  makes  PS  flexible 
and  stretchable.  This  quality  is  coupled  with  the  strength  of  PAN 
to  develop  a  tough  yet  stronger  membrane.  The  aromatic  ring  in 
PS  also  disallows  a  certain  extent  of  crystallization,  which  will  be 
useful  to  enhance  the  easy  transportation  of  Li+  ions.  This  means, 
the  resultant  polymer  blended  membrane  can  be  expected  to  have 
more  flexibility  and  ionic  conductivity  at  room  temperature. 

The  present  study,  reporting  microporous  membranes  based 
on  multi  component  polymer  blend  have  been  prepared  for  the 
first  time  by  electrospinning  process  and  the  membrane  proper¬ 
ties  as  well  as  the  electrochemical  properties  of  the  GPEs  based 
on  them  are  evaluated.  Homogeneous  blend  of  the  polymers  PAN, 
PMMA  and  PS  as  matrix  polymer  for  the  preparation  of  porous 
membranes  to  exploit  the  beneficial  characteristics  of  individual 
polymers.  PAN  and  PMMA  are  chosen,  because  it  is  expected  that 
an  uptake  of  the  electrolyte  solution  may  result  in  swelling  or  gela¬ 
tion  of  polymer  rather  than  dissolution.  PAN  also  would  contribute 


to  the  mechanical  stability  of  the  membrane  even  after  soaking 
in  electrolyte  solution.  PS  is  selected  to  make  an  amorphous  path 
for  the  easy  penetration  of  Li+  ions  and  impart  the  toughness  to 
the  membrane.  The  porous  membrane  is  prepared  by  electrospin¬ 
ning  method,  which  is  shown  to  be  effective  for  producing  highly 
porous  membranes  with  good  flexibility  and  mechanical  strength 
[10].  GPEs  are  prepared  by  activating  them  with  liquid  electrolyte; 
1  M  lithium  hexafluorophosphate  (LiPF6)  in  ethylene  carbonate 
(EC)/diethyl  carbonate  (DEC).  Temperature  dependent  ionic  con¬ 
ductivity  and  electrochemical  properties  of  the  GPEs  are  evaluated 
in  the  process  of  testing  their  suitability  for  application  as  elec¬ 
trolytes  in  lithium  ion  batteries  and  the  results  are  also  compared. 

2.  Experimental 

2.1.  Preparation  of  electrospun  PAN-PMMA-PS  blend  membranes 

PAN  (Mw  150,000  Sigma  Aldrich),  PMMA  (Mw  120,000,  Sigma 
Aldrich)  and  PS  (Mw  2,000,000,  Sigma  Aldrich)  were  vacuum  dried 
at  60  °C  for  6h  before  use.  The  solvent  N,N-dimethylformamide 
(DMF)  (Aldrich)  was  used  as  received.  Fibrous  membranes  were 
prepared  by  the  typical  electrospinning  method  at  room  temper¬ 
ature,  as  described  in  previous  publications  [1,2].  16%  solution  of 
varying  content  (wt.%)  of  PAN,  PMMA,  and  PS  were  dissolved  in 
N,N-dimethylfomamide  (DMF)  to  get  a  uniformly  blended  solu¬ 
tion.  The  resulting  solution  was  degassed  for  15  min  to  get  the 
clear  solution.  Required  quantity  of  blend  solutions  were  electro¬ 
spun  at  ambient  atmosphere  using  a  syringe  infusion/withdrawal 
pump  (KD  Scientific,  Model-210).  The  as  spun  fibers  in  the  form 
of  nonwoven  membrane  were  collected  on  a  grounded,  aluminum 
drum  wrapped  with  a  thin  aluminum  foil,  rotating  at  specific 
speed.  The  essential  electrospinning  parameters  were  as  follows: 
applied  voltage  16-20kV  (depends  on  the  polymer  composi¬ 
tion),  distance  between  the  tip  of  the  spinneret  and  collector 
20  cm,  needle  size  0.6  mm,  solution  feed  rate  0.2  ml  min-1  and 
collector  drum  rotation  speed  150rpm.  The  tailor  made  blend 
membrane  thickness  was  carefully  controlled  during  spinning. 
Electrospun  membranes  of  average  thickness  120  p,m  were  col¬ 
lected  and  dried  at  room  temperature  on  the  drum  for  6  h  to  prevent 
the  shrinking  of  fibers  and  then  vacuum  dried  at  60  °C  for  12  h 
before  further  use.  The  resulting  fibrous  blend  polymer  membranes 
were  represented  as  BPM-01  (80:10:10),  BPM-02  (90:05:05),  BPM- 
03  (90:10:00)  and  BPM-04  (90:0:10)  respectively  with  polymer 
composition  as  PAN: PMMA: PS  to  highlight  their  respective  com¬ 
position.  Left  over  blended  mixture  was  solvent  casted  onto  a  glass 
plate  using  a  doctor  blade  technique  and  left  to  dry  for  24  h  at 
room  temperature  and  finally  vacuum  dried  at  60  °C  for  1 2  h  before 
tests. 


2.2.  Characterization  of  electrospun  PAN-PMMA-PS  blend 
membranes 


The  fiber  morphology  was  recorded  with  high  resolution  field- 
emission  scanning  electron  microscope  (FE-SEM:  Jeol  JSM7600F) 
at  an  accelerating  voltage  of  5  kV.  The  average  fiber  diameter  (AFD) 
was  estimated  based  on  the  micrographs  taken  at  the  higher  mag¬ 
nification.  About  250  fibers  were  investigated  to  calculate  AFD.  The 
porosity  (P)  was  determined  by  immersing  the  dry  membrane  in 
n- butanol  for  1  h.  Following  relation  was  used  to  calculate  P: 


p  m  = 


MbuOh/PBuOH 


MbuOh/  PBuOH  +  Mm/  P? 


100 


(1) 


where  Mm  is  the  mass  of  the  dry  membrane,  MBuoh  is  the  mass  of 
n- butanol  absorbed,  Pbuoh  and  pp  are  the  densities  of  n-butanol 
and  polymer,  respectively  [17]. 
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Thermal  properties  and  crystalline  properties  of  the  polymer 
blend  were  studied  on  the  solvent  cast  membranes.  Differential 
scanning  calorimetry  (DSC:  2950  TA  Instruments)  at  a  heating  rate 
of  10°Cmin_1  under  N2  atmosphere  from  room  temperature  to 
350 °C  and  thermo  gravimetric  analysis  (TGA:  Q500  TA  Instru¬ 
ments)  at  a  heating  rate  of  10°Cmin-1  from  room  temperature  to 
775  °C  under  N2  atmosphere  was  studied.  X-ray  diffraction  (XRD: 
Shimadzu  Thin  film)  studies  were  used  to  identify  the  crystallo¬ 
graphic  structure  of  the  polymer  blend. 

2.3.  Electrochemical  evaluation 


cell.  The  electrochemical  tests  of  the  Li/GPE/LiMn204  cells  were 
conducted  in  an  automatic  galvanostatic  charge-discharge  unit, 
battery  cycler  (BTS  XWJ,  Neware  Tech.  Co.),  between  3.5  and  4.3  V  at 
25  °C  at  a  current  rate  of  0.1  C.  The  activation  of  electrospun  mem¬ 
brane  to  prepare  GPE  and  the  fabrication  of  test  cells  were  carried 
out  in  an  argon-filled  glove  box  with  oxygen  and  moisture  level 
<0.1  ppm. 

3.  Results  and  discussion 

3.1.  Membrane  morphology 


GPEs  based  on  blend  membranes  were  prepared  by  soak¬ 
ing  a  circular  piece  of  the  membrane  (diameter  ~2cm2)  in 
the  liquid  electrolyte,  1  M  LiPF6  in  EC/DEC  (1:1,  v/v)  (Charslton 
Technologies  Pvt.  Ltd.).  The  resulting  GPEs  were  represented 
as  GPE-01  (80:10:10),  GPE-02  (90:05:05),  GPE-03  (90:10:00) 
and  GPE-04  (90:0:10)  respectively  with  polymer  composition  as 
PAN:PMMA:PS.  LiPF6  in  mixed  carbonate  solvents  were  selected 
for  the  study,  because  this  electrolyte  is  generally  employing  in 
commercial  LIBs.  The  electrolyte  uptake  (5)  was  calculated  using 
the  relation: 


8 


_  M-M0 
“  M0 


x  100 


(2) 


where  Mo  is  the  mass  of  the  dry  membrane  and  M  is  the  mass  of 
the  membrane  after  soaking  with  the  electrolyte.  The  weight  of  the 
wetted  membrane  was  determined  at  different  soaking  intervals, 
and  taking  care  to  remove  the  excess  electrolyte  remaining  on  the 
surface  of  the  membrane  by  wiping  softly  with  a  tissue  paper. 

The  ionic  conductivity  of  the  GPEs  was  measured  by  the  AC 
impedance  method  using  stainless  steel  (SS)  Swagelok®  cells 
with  frequency  analyzer  using  Solartron  1470E  and  SI  1255B 
Impedance/gain-phase  analyzer  coupled  with  a  potentiostat  over 
the  temperature  range  from  0  to  60  °C.  The  electrolyte  sample 
was  sandwiched  between  two  SS  electrodes  and  the  impedance 
measurements  were  performed  at  an  amplitude  of  20  mV  over 
the  frequency  range  10  mHz  to  1  MHz.  The  cell  was  kept  at 
each  measuring  temperature  for  a  minimum  of  30  min  to  ensure 
thermal  equilibration  of  the  sample  at  the  temperature  before 
measurement.  From  the  porosity  and  conductivity  measurements, 
tortuosity  of  the  membranes  was  calculated  from  the  following 
relationship: 

T=(^xp)V2  (3) 


where  <t0  and  o  are  the  conductivities  of  the  neat  liquid  electrolyte 
and  the  PE,  respectively,  and  P  is  the  porosity  of  the  membrane. 
The  time  dependant  interfacial  resistance  (Rf)  between  the  GPE 
and  lithium  metal  electrode  was  measured  at  room  temperature 
by  the  impedance  response  of  Li/GPE/Li  cells  over  the  frequency 
range  10  mHz  to  1  MHz  at  an  amplitude  of  20  mV. 

Two-electrode  lithium  prototype  coin  cells  were  fabricated  by 
placing  the  GPE  between  lithium  metal  anode  (~300  p,m  thick)  and 
lithium  manganese  oxide  (LiMn204)  cathode.  The  composite  cath¬ 
ode  was  prepared  by  mixing  80wt.%  of  active  material  (LiMn204, 
Merck  KGaA,  Germany),  10  wt.%  of  conducting  additive  (Super  P  Li 
carbon)  and  10  wt.%  of  PVdF  binder  (Kynar  2801)  using  N-methyl 
pyrrolidinone  (NMP)  as  solvent  for  the  binder  to  form  the  slurry. 
The  resulting  slurry  was  coated  on  to  Al  foil  (~20  p,m  thick)  using 
doctor  blade  technique  and  subsequently  dried  in  the  oven  at  70  °C. 
Finally  the  composite  electrode  was  pressed  between  stainless  steel 
twin  rollers  and  punched  in  to  circular  discs  of  16  mm  diameter. 
Before  the  cell  assembly,  composite  cathode  was  dried  in  a  vac¬ 
uum  oven  at  80  °C  for  12  h  to  remove  the  residual  solvent  traces,  if 
any.  The  test  cells,  Li/GPE/LiMn204  were  fabricated  in  CR2016  coin 


FE-SEM  images  of  PAN-PMMA-PS  blend  membranes  prepared 
with  different  compositional  ratio  reveal  the  effect  of  PMMA/PS 
content  on  morphology  of  the  fibers  and  are  presented  in  Fig.  1. 
FE-SEM  images  show  the  membranes  are  made  up  of  a  network 
of  interlaid  and  straight  fibers.  It  is  observed  that  the  fiber  mor¬ 
phology  of  the  electrospun  PAN-PMMA-PS  membranes  largely 
depends  on  the  amount  of  PMMA  and  PS  in  the  blend  [18,19]. 
FE-SEM  images  are  giving  the  vivid  information  on  the  presence  of 
well  interconnected  multi  fibrous  layers  and  interstices  with  ultra 
fine  and  fully  interconnected  pore  structure  between  the  fibers. 
The  fibers  appear  to  be  uniform  in  composition  without  having 
any  microphase  separation  which  shows  the  compatibility  of 
PAN,  PMMA  and  PS,  however,  with  increase  of  PMMA/PS  content 
irregularities  and  nonuniformities  are  observed.  The  amount  of 
DMF  that  remains  on  the  surface  of  the  fiber  after  electrospinning 
can  partially  dissolve  and  make  it  amorphous.  The  residual  solvent 
molecules  also  help  to  form  smaller  pore  size  due  to  the  formation 
of  relatively  large  number  of  cross  links  [18]. 

The  AFD  of  fiber  obtained  for  different  samples  are  presented  in 
Table  1.  Morphology  of  the  membrane  prepared  with  tri-polymer 
blend  of  PAN,  PMMA  and  PS  (BPM-01  and  BPM-02)  is  not  uniform  as 
bi-polymer  blend  of  PAN  with  PMMA  or  PS  (BPM-03  and  BPM-04). 
It  is  found  that  the  AFD  is  higher  for  the  membranes  that  contain 
both  PMMA  and  PS.  This  may  due  to  the  synergic  rheological  effect 
of  PMMA  and  PS  on  the  viscosity  of  the  blend  solution.  The  aver¬ 
age  fiber  diameter  significantly  varied  with  polymer  components 
and  its  amount  in  the  blend  solution.  It  is  observed  that  the  AFD  is 
higher  with  higher  PS  content.  This  can  be  attributed  to  the  higher 
viscosity  of  PS  due  to  the  bulky  side  group  in  its  chain  structure 
which  disallows  sliding  of  the  chains  from  each  other,  even  in  the 
blend  solution. 

The  membrane  prepared  with  the  blend  solution  of  PAN-PMMA 
(BPM-03)  has  more  uniform  and  narrower  distribution  of  the  fiber 
diameter  as  compared  to  the  other  membranes.  The  larger  diam¬ 
eter  of  the  fiber  in  membranes  with  higher  content  of  PMMA  and 
PS  can  be  attributed  to  the  substantial  increase  in  the  viscosity  that 
results  from  the  high  viscosity  of  PMMA  and  PS.  Despite  the  use 
of  a  lower  polymer  concentration  (16%),  the  viscosity  of  the  elec¬ 
trospinning  polymer  solution  is  high  that  affects  the  ejection  of  a 
larger  fluid  jet  from  the  needle  and  a  consequent  deposition  of  fibers 
with  a  larger  diameter.  All  four  samples  exhibit  long  and  straight 
fibrous  morphology,  with  an  average  fiber  diameter  from  620  to 
950  nm.  An  order  for  the  decrease  of  AFD  of  membranes  can  be  put 
as:  BPM-01  (950)  >  BPM-02  (887)  >  BPM-04  (640)  >  BPM-03  (620). 
From  the  FE-SEM  images  it  can  be  seen  that  the  interlaying  of  the 
fibers  generates  the  highly  porous  fibrous  structure  for  the  electro¬ 
spun  membranes,  which  arises  due  to  the  processing  parameters 
employed. 

It  is  well  known  that  the  spinning  parameters  influencing  the 
morphology  of  electrospun  fibrous  membranes  are  solution  con¬ 
centration,  solution  feed  rate,  bore  size  of  the  needle,  distance 
between  the  tip  of  the  needle  and  the  collector,  rotation  speed  of 
the  collector,  applied  voltage,  dielectric  constant  and  viscosity  of 
the  dope  solution.  In  this  study,  the  first  five  factors  in  the  above 
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Fig.  1.  FE-SEM  images  of  electrospun  PAN-PMMA-PS  blend  membranes:  (a)  BPM-01,  (b)  BPM-02,  (c)  BPM-03  and  (d)  BPM-04. 


list  have  been  kept  as  a  constant  while  electrospinning.  So  it  may 
not  be  the  reasons  for  the  morphological  differences.  Upon  that 
we  envisage  the  following  reasons,  the  varying  content  of  PMMA 
and  PS  changes  the  dielectric  constant  of  the  blend  solution  and 
the  applied  voltage  is  varied  accordingly  from  16  to  20  kV  to  get 
the  uniform  fibers.  The  solution  having  lower  viscosity  and  higher 
dielectric  constant  easily  formed  Taylor  cone  at  the  tip  of  the  needle 
and  caused  formation  of  fibers  with  lower  diameter. 

3.2.  Thermal  properties  and  crystallinity  of  the  polymer  blend 

To  authenticate  the  miscibility  of  component  polymers  in  poly¬ 
mer  blends,  DSC  measurements  are  employed.  Fig.  2  shows  the 
DSC  thermograms  of  PAN-PMMA-PS  polymer  blends  with  vary¬ 
ing  content  of  PAN,  PMMA  and  PS.  All  the  samples  exhibit  a  weak 
glass  transition  and  a  relatively  large  and  sharp  endothermic  peak. 
Table  1  presents  the  thermal  properties  of  the  polymer  blends 
obtained  from  DSC  measurements.  PAN-PMMA-PS  polymer  blends 
show  a  sharp  melting  endotherm  ~300  °C  which  is  lower  than  the 
Tm  of  pristine  PAN.  The  lower  Tm  reflects  the  decrease  in  crys¬ 
tallinity  of  PAN  in  the  PAN-PMMA-PS  blend.  The  presence  of  PS 
and  PMMA  in  the  blend  impedes  the  crystallization  of  PAN  and 
retains  the  amorphous  domains.  The  absence  of  sharp  glass  tran¬ 
sition  and  any  additional  endothermic  peak  for  PAN-PMMA-PS 
blends  confirm  the  miscibility  of  PAN  with  PMMA  and  PS  in  the 
polymer  blends.  The  sharp  exothermic  peak  can  be  attributed  to  the 
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Fig.  2.  DSC  thermograms  of  the  PAN-PMMA-PS  polymer  blend  film  at  a  heating 
rate  of  lO^mim1 :  (a)  BPM-01,  (b)  BPM-02,  (c)  BPM-03  and  (d)  BPM-04. 

nucleophilic  attack  at  the  nitrile  group  followed  by  instantaneous 
cyclization  reaction  to  an  extended  conjugated  structure,  which  is 
exothermic  in  nature  [25].  The  heat  of  fusion  (AH)  of  the  samples 
varies  with  the  amount  of  PMMA  and  PS  in  the  blend.  A  decrease 


Table  1 

Properties  of  electrospun  membranes  and  polymer  electrolytes  based  on  the  membranes  activated  with  1  M  LiPF6  in  EC/DEC  (1:1,  v/v). 


Sample 

Melting 

temperature  (°C) 

AFD  (nm) 

Porosity  (%) 

Uptake  (wt.%) 

Ionic  conductivity 
(mScirr1) 

Tortuosity 

BPM-01 

296 

950 

84 

685 

3.9 

12.3 

BPM-02 

300 

887 

85 

661 

3.1 

13.8 

BPM-03 

299 

620 

82 

673 

3.6 

12.6 

BPM-04 

295 

640 

80 

650 

2.7 

14.4 
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Fig.  3.  TGA  curves  of  the  PAN-PMMA-PS  polymer  blend  film  under  N2  atmosphere 
at  a  heating  rate  of  1 0  °C  min-1 :  (a)  BPM-01 ,  (b)  BPM-02,  (c)  BPM-03  and  (d)  BPM-04. 


in  AH  is  observed  with  increasing  content  of  PMMA  and  PS.  The 
AH  values  (Jg_1)  from  the  DSC  data  follows  the  order  BPM-01 
(390)  <  BPM-02  (396) <  BPM-03  (422) <  BPM-04  (435)  <  PAN  (481). 
The  difference  in  crystallinity  arises  due  to  the  inhibition  of  crys¬ 
tallization  of  PAN  molecules  by  the  presence  of  amorphous  PMMA 
and  PS  in  the  polymer  blend  during  the  solidification  process,  which 
reduces  the  volume  fraction  of  the  crystalline  phase  in  the  fiber 
[26].  By  the  blending  of  PMMA  and  PS  with  PAN,  melting  point  is 
slightly  lowered,  though  there  is  a  considerable  decrease  of  melting 
enthalpy,  which  corresponds  to  9.5-17.7%  of  PAN.  This  observa¬ 
tion  confirms  that  the  blending  of  PAN  with  PMMA  and  PS  inhibits 
the  crystallization  process  of  the  polymer.  It  increases  the  amor¬ 
phous  regions  in  the  polymer,  which  is  beneficial  for  the  purpose  of 
achieving  a  higher  electrolyte  uptake  and  ionic  conductivity.  Con¬ 
sequently  with  a  decrease  in  the  melting  enthalpy,  decrease  in  the 
melting  points  of  these  polymer  bends  is  expected.  The  melting 
temperature  is  300,  299,  296  and  295  °C  respectively  for  BPM-02, 
BPM-03,  BPM-01  and  BPM-04,  which  is  in  the  reverse  order  of  melt¬ 
ing  enthalpy.  This  again  confirms  with  the  TGA  studies,  that  the 
decomposition  temperature  of  these  blends  is  in  the  same  order  as 
its  melting  temperature  observed  in  DSC  studies. 

The  thermal  stability  of  the  PAN-PMMA-PS  polymer  blend  is 
determined  by  TGA  under  N2  atmosphere  from  room  temperature 
to  775  °C  at  a  heating  rate  of  10°Cmin-1.  The  obtained  result  is 
shown  in  Fig.  3.  It  can  be  seen  from  Fig.  3  that  the  polymer  blend 
is  stable  up  to  295±5°C.  The  decomposition  temperature  of  the 
blends  is  in  the  order  of  BPM-02  (297.6)  >  BPM-03  (293.2)  >  BPM- 
01  (288.7)  >  BPM-04  (285.8).  At  450  °C  the  polymer  blend  shows  a 
weight  loss  of  44.8, 47.7, 50.3  and  52.5%  was  observed  respectively 
for  BPM-02,  BPM-03,  BPM-01  and  BPM-04.  From  450  to  470  °C  a 
weight  loss  of  1 3.8  and  6.4%  was  observed  for  the  BPM-01  and  BPM- 
04  respectively,  while  BPM-02  and  BPM-03  showed  only  1. 5-2.8% 
weight  loss.  The  char  yield  at  775  °C  is  33.8,  35.7,  41.9  and  42.8% 
respectively  for  BPM-04,  BPM-01,  BPM-03  and  BPM-02.  Compared 
to  BPM-01,  the  high  char  yield  of  BPM-02  is  attributed  to  the  higher 
PAN  content  (90  wt.%)  in  the  blend. 

The  X-ray  diffraction  was  employed  to  analyze  the  crystalliza¬ 
tion  behaviors  of  PAN-PMMA-PS  polymer  blends.  Fig.  4  shows  the 
XRD  patterns  of  pristine  PAN,  PMMA,  PS  and  its  blends  BPM-01, 
BPM-02  and  BPM-04.  It  is  found  that  only  an  amorphous  peak  at 
about  20  value  ~20  exists  in  the  full  range  of  20.  In  the  case  of  pris¬ 
tine  PAN  the  spectrum  shows  a  sharp  intense  peak  centered  at  1 7.7 
and  a  weak  diffraction  peak  at  29.6  is  the  characteristics  peaks  of 


Fig.  4.  XRD  spectra  of  PAN-PMMA-PS  polymer  blend  film:  (a)  BPM-01,  (b)  BPM-02, 
(c)  BPM-04,  (d)  Pristine  PAN  and  (e)  Pristine  PMMA.  Inset  XRD  of  pristine  PS. 

plane  of  PAN  crystallite.  The  first  peak  corresponding  to  the  lateral 
repeating  distance  or  Bragg  spacing  is  identified  as  (10  0)  hexag¬ 
onal  lattice.  The  weak  diffraction  peak  corresponds  to  the  second 
order  diffraction  of  the  first  peak  [27].  The  relatively  wider  diffrac¬ 
tion  peak  for  PMMA  and  PS  reflects  the  amorphous  nature  of  the 
polymers.  Compared  to  diffraction  peak  of  pristine  PAN,  a  peak  shift 
of  1.2°  to  the  lower  20  side,  lowering  and  widening  of  the  diffrac¬ 
tion  intensity  of  the  peak  is  observed  when  PAN  is  blended  with 
PMMA  and  PS.  This  clearly  indicates  a  decrease  in  the  crystallinity 
leading  to  reduce  the  energy  barrier  to  the  chain  movement,  which 
confirms  the  reduction  of  crystallinity  observed  in  DSC  studies. 
The  d-spacing  of  peak  (20  =  17.7)  for  pristine  PAN,  BPM-02  and 
BPM-01  is  5.75,  6.92,  7.52  A  corresponding  to  the  (10  0)  diffrac¬ 
tion  of  the  hexagonal  lattice.  For  PAN-PMMA-PS  blend  polymer 
samples,  d-spacings  and  sizes  of  apparent  crystallite  are  increased, 
while  the  degree  of  crystallinity  is  decreased  with  increasing  PMMA 
and  PS  content.  Therefore,  the  lower  crystallinity  of  the  polymer 
blend  is  expected  to  contribute  high  ionic  conductivity  to  the 
PAN-PMMA-PS  polymer  blend  based  GPE. 

3.3.  Porosity,  electrolyte  uptake  and  electrolyte  retention 

Porosity  is  the  one  of  the  important  parameters  of  PEs  based  on 
electrospun  membranes  in  LIBs.  The  interlaying  of  the  fibers  gener¬ 
ates  porous  structure  in  the  electrospun  membrane.  Porosity  of  the 
prepared  membranes  is  determined  by  n-butanol  uptake  method. 
The  n-butanol  does  not  interact  with  the  membrane ;  it  rather  pene¬ 
trates  the  pores  and  occupies  all  the  available  pores,  and  thus  gives  a 
measure  of  the  total  pore  volume  in  the  material.  The  porosity  of  the 
membranes  prepared  varies  in  the  narrow  range  80-84%  showing 
slight  increase  with  PMMA/PS  content.  This  difference  in  porosity 
is  attributed  as  the  loose  packing  of  fibers  in  the  layers  of  the  mem¬ 
brane  and  average  fiber  diameter  of  the  membrane.  The  presence  of 
a  large  number  of  interconnected  pore  structures  from  the  FE-SEM 
image  is  evidence. 

The  electrolyte  uptake  of  the  porous  membrane  is  greatly 
dependent  on  the  porosity  and  pore  structure  of  the  membranes. 
Fig.  5  shows  the  electrolyte  uptake  (1  M  LiPF6  in  EC/DEC)  behav¬ 
ior  of  the  electrospun  PAN-PMMA-PS  fibrous  membranes.  The 
data  is  obtained  by  soaking  the  membranes  in  the  liquid  elec¬ 
trolyte  for  a  period  of  1  h.  The  blend  fibrous  membrane  BPM-01 


304 


R.  Prasanth  et  al.  /  Journal  of  Power  Sources  202  (2012)  299-307 


Fig.  5.  Electrolyte  uptake  (%)  of  electrospun  PAN-PMMA-PS  blend  fibrous  mem¬ 
branes  (1  M  LiPF6  in  EC/DEC,  1:1,  v/v). 

shows  an  electrolyte  uptake  of  about  500%  within  2  min,  while  the 
BPM-02  and  BPM-04  is  only  480  and  472%  respectively.  After  1  h 
the  electrolyte  uptake  reaches  up  to  685, 662, 673  and  650%  respec¬ 
tively  for  BPM-01,  BPM-02,  BPM-03  and  BPM-04.  The  absorption  of 
the  large  quantities  of  liquid  electrolyte  by  the  blend  membranes 
results  from  the  high  porosity  of  the  membranes  and  the  high  amor¬ 
phous  content  of  the  polymer  blends.  Thus,  the  electrolyte  uptake 
of  ~650%  achieved  in  this  study  is  higher  than  that  reported  ear¬ 
lier  [28]  for  a  PAN  membrane  of  ~86%  porosity.  The  difference  in 
electrolyte  uptake  is  due  to  not  only  the  difference  in  porosity  val¬ 
ues  of  membranes  but  also  the  ability  for  partial  swelling  of  the 
fibers  which  will  hold  more  electrolytes.  According  to  Kataoka  et  al. 
[29]  there  are  two  distinct  steps  for  liquid  electrolytes  uptake  in 
porous  gel  polymer  membranes.  Firstly,  the  liquid  electrolyte  occu¬ 
pies  pore  spaces  of  the  membrane  and  then  those  electrolytes  in  the 
pores  penetrate  and  swell  the  polymer  chains  to  form  the  gel.  In 
the  case  of  membranes  with  higher  PMMA/PS  content  the  density 
of  the  membrane  is  less  due  to  the  loose  packing  of  the  fibers.  High 
amorphous  content  also  enhances  degree  of  swelling  of  the  fibers 
and  the  large  number  of  smaller  pores  adds  up  to  high  pore  volume 
and  pore  surface  area.  Both  the  lower  density,  higher  amorphous 
content  and  high  pore  surface  area  facilitate  the  easy  swelling  of 
more  polymer  chains  and  it  leads  to  the  higher  level  of  electrolyte 
uptake  of  the  electrospun  membrane  containing  higher  PMMA/PS 
content.  It  is  observed  that  after  soaking  in  1  M  LiPF6  in  EC/DEC  elec¬ 
trolyte  solution,  all  the  membranes  retained  their  fibrous  nature 
[28].  The  fully  interconnected  pore  structure  makes  fast  penetra¬ 
tion  of  the  liquid  into  the  membrane  possible,  and  hence  the  uptake 
process  is  stabilized  within  the  initial  15  min,  however,  it  must  be 
taken  to  note  that  the  polymer  blends  BPM-02  and  BPM-04  have 
a  lower  uptake  than  the  other  two.  One  speculation  could  be  due 
to  the  steric  hindrance  of  the  benzene  ring  that  PS  has.  This  hin¬ 
drance  could  retard/prevent  the  penetration  of  electrolyte  to  the 
core  of  the  fibers.  The  tortuosity  of  the  membranes  is  calculated 
from  the  porosity  and  the  ionic  conductivity  and  listed  in  Table  1. 
It  is  observed  that,  the  tortuosity  of  PAN-PMMA-PS  blend  mem¬ 
branes  greatly  depends  on  porosity  rather  than  ionic  conductivity. 

3.4.  Ionic  conductivity 

Fig.  6  shows  the  temperature  dependant  ionic  conductivity  of 
GPE  based  on  electrospun  blend  polymer  membranes  contain¬ 
ing  different  PAN-PMMA-PS  content  on  the  heating  cycle  from 
0  to  60  °C  for  1  M  LiPFg  in  EC/DEC.  The  behavior  is  similar  to  the 


Fig.  6.  Effect  of  temperature  on  ionic  conductivity  of  polymer  electrolytes  based 
on  electrospun  PAN-PMMA-PS  blend  membranes  (1  M  LiPF6  in  EC/DEC,  1:1,  v/v, 
frequency  range  10  mHz  to  1  MHz,  amplitude  20  mV). 

liquid  electrolyte.  The  conductivity  range  is  between  10-4  and 
10_2Scm_1,  and  in  all  the  explored  temperatures  the  maximum 
conductivity  corresponds  to  the  GPE-01.  This  can  be  attributed  to 
the  lower  crystallinity  of  the  membrane  due  to  the  higher  content 
of  PMMA  and  PS  in  the  polymer  blend.  The  ionic  conductivity  of 
the  GPEs  is  10-3  Son-1  for  all  the  samples  at  room  temperature. 
Comparing  the  ionic  conductivity  of  BPM-02,  BPM-03  and  BPM-04, 
which  contain  90%  PAN,  BPM-03  seems  to  slightly  outperform.  This 
indicates  that  PS  in  the  blend  does  not  significantly  affect  the  ionic 
conductivity  of  the  membrane.  This  can  be  attributed  to  the  lower 
dielectric  constant  (2.5)  and  rigid  nature  of  the  PS  molecules,  com¬ 
pared  to  the  PMMA  (dielectric  constant  3.9).  It  is  observed  that  the 
values  of  ionic  conductivity  seems  to  correlate  to  the  electrolyte 
uptake  of  the  polymer  blend  with  the  highest  uptake  (BPM-01  and 
BPM-03)  having  a  correspondingly  higher  ionic  conductivity  across 
all  temperature  ranges  studied  here.  This  might  also  indicate  that 
the  increased  ionic  conductivity  is  less  due  to  the  polymer  host  but 
more  due  to  the  electrolyte  content  in  the  GPE. 

The  1  M  LiPFg  in  EC/DEC  is  reported  to  have  an  ionic  conductivity 
of  7  x  10-3  Son-1  at  25  °C  [30].  The  extent  of  conductivity  loss  for 
the  electrolyte  due  to  the  use  of  electrospun  membrane  in  the  PE 
is  thus  seen  to  be  very  low  {i.e.  a  loss  factor  of  ~0.4,  compared  with 
the  conductivity  of  3.9  x  1 0-3  S  cm-1  for  the  PE  at  25  °C).  The  lower 
ionic  conductivity  of  GPE  compared  to  its  liquid  electrolyte  may  due 
to  the  slower  conduction  path  in  the  swollen  polymer  phase  along 
with  the  tortuous  path  taken  by  the  ions  in  the  membrane  pores. 
In  summary  it  is  found  that  the  fully  interconnected  pore  structure 
of  the  electrospun  membrane  used  in  the  present  study  allows  the 
easier  passage  of  ions  between  the  electrodes. 

As  shown  in  Fig.  6,  the  ionic  conductivity  is  found  to  increase 
with  the  temperature.  The  log  a  vs.  1  IT  curves  for  all  the  GPEs  show 
that  within  the  temperature  range  0-60  °C  the  Arrhenius  plots  are 
not  very  linear,  it  suggests  that  the  conductivity  of  PAN-PMMA-PS 
blend  based  GPE  does  not  obey  the  simple  Arrhenius  equation 
[cr  =  cr o  exp(  — Ea /RT) ] .  So  that  activation  energy  for  ionic  conduc¬ 
tion  Ea  can  be  obtained  using  the  Vogel-Tamman-Fulcher  (VTF) 
model  {a  =  cr0T~^l2  exp[  -Ea/ft(T  -  T0 )] }  often  used  for  the  treatment 
of  the  curved  Arrhenius  plots.  This  behavior  is  characteristic  of  the 
amorphous  polymeric  electrolytes  [31  ],  which  follows  free-volume 
model  [32].  From  the  linear  and  parallel  curves  of  all  the  samples 
suggested  that  given  the  low  difference  in  the  activation  energies 
and  porosity  of  different  samples,  the  variation  of  average  pore  size 
does  not  influence  the  activation  energy  for  ionic  conduction  [33]. 
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Fig.  7.  Initial  AC  impedance  behavior  of  polymer  electrolytes  based  on  electro- 
spun  PAN-PMMA-PS  blend  membranes  (Li/GPE/Li  cells,  frequency  range  10  mHz 
to  1  MHz,  amplitude  20  mV). 

3.5.  Electrochemical  properties 
3.5.1.  Interfacial  resistance 

The  formation  of  a  stable  solid  electrolyte  interface  on  the 
lithium  metal  that  can  conduct  Li+  ions  freely  and  at  the  same  time 
prevent  any  undesired  interaction  between  the  electrolyte  com¬ 
ponents  and  lithium  leading  to  dendrite  formation  is  essential  for 
attaining  good  cycle  performance.  Mobility  of  lithium  ions  in  the 
GPE  is  estimated  by  AC  impedance  measurements  using  Li/GPE/Li 
symmetric  cell.  The  initial  impedance  behavior  of  GPE  based  on 
PAN-PMMA-PS  blend  membranes  with  1  M  LiPF6  in  EC/DEC  on 
lithium  metal  at  ambient  temperature  is  shown  in  Fig.  7.  The  spec¬ 
trum  exhibit  a  single  semi-circle  over  the  whole  frequency  range 
typical  of  the  electrolytes  with  contributions  from  bulk  electrolyte 
resistance  (. Rb )  and  electrode/electrolyte  interfacial  resistance  (Kf). 
Such  pattern  is  generally  shown  by  liquid/gel  electrolytes  that  have 
high  ionic  conductivity.  ( i.e .  low  Rb  value).  All  the  samples  display 
similar  curvature  but  the  diameter  of  the  semi  circle  varies  from 
sample  to  sample  suggesting  different  kinetics  [34].  The  Rb  val¬ 
ues  are  low  and  lies  in  the  range  3-6  £2  for  the  GPEs.  The  values 
are  in  agreement  with  low  Rb  observed  for  these  electrolytes  in 
SS/GPE/SS  cells  as  described  above  in  Section  3.4,  and  this  supports 
high  ionic  conductivities  of  the  GPEs.  This  again  confirms  that  the 
fully  interconnected  porous  and  fibrous  structure  of  electrospun 
blend  polymer  membranes  can  function  as  an  efficient  ion  trans¬ 
port  media  between  the  electrodes.  The  initial  interfacial  resistance 
R[  is  minimum  for  GPE-02.  The  R[  values  are  303, 254, 406  and  522  £2 
respectively  for  GPE-01 ,  GPE-02,  GPE-03  and  GPE-04.  The  R{  of  GPEs 
based  on  tri-polymer  blends  is  25-52%  less  when  compared  with 
binary  polymer  blends.  This  may  be  due  to  the  morphological  dif¬ 
ference  of  the  membranes  and  the  synergic  effect  of  PMMA  and  PS 
in  the  tri-polymer  blend. 

The  variation  of  interfacial  impedance  of  lithium  metal  electrode 
in  contact  with  GPE  has  been  analyzed  under  prolonged  exposure 
at  room  temperature  and  is  presented  in  Fig.  8.  It  is  found  that 
the  interfacial  resistance  of  all  GPEs  increases  with  storage  time. 
The  observed  initial  increase  in  the  impedance  implies  that  the 
lithium  electrode  is  passivated  with  time  due  to  the  reactivity  of  the 
lithium  electrode  and  the  polymer  electrolyte.  Given  the  intrinsic 


Fig.  8.  Variation  of  interfacial  resistance  of  polymer  electrolytes  based  on  elec¬ 
trospun  PAN-PMMA-PS  blend  membranes  with  storage  time  (Li/GPE/Li  cells, 
frequency  range  10  mHz  to  1  MHz,  amplitude  20  mV). 

stability  of  the  polymer  backbone,  one  might  speculate  that  the 
lithium  electrode  reacts  with  carbonate  based  electrolytes.  Apro- 
tic  solvents  such  as  EC  and  DEC  are  well  known  for  forming  a 
passivating  layer  on  lithium  metal  [35].  The  Rf  values  shows  that 
the  interfacial  resistance  is  less  for  the  GPE  based  on  tri-polymer 
blends  even  after  5  days  storage.  It  is  found  that  after  4  days  of 
storage  the  interfacial  resistance  of  the  GPE  reached  to  its  max¬ 
imum  and  then  starts  to  decrease.  This  implies  the  stabilization 
of  the  passivating  layer  at  the  interface  of  lithium  metal  and  GPE. 
The  early  stabilization  of  passive  film  indicates  that  the  immobi¬ 
lized  electrolyte  within  the  three  dimensional  network  of  fibers  in 
electrospun  blend  membranes  is  well  encapsulated  in  the  matrix 
polymer  due  to  the  good  compatibility  between  polymer  blend  and 
aprotic  solvent,  which  reduces  the  reactivity  towards  lithium  metal 
as  well  as  noted  that  the  tri-polymer  blends  are  better  than  the 
binary  polymer  blends.  GPE-02  having  higher  PAN  content  (com¬ 
pared  to  GPE-01)  behaves  significantly  better  than  all  the  other 
blends.  GPE-02  not  only  shows  a  lower  interfacial  resistance  but 
also  a  lower  rate  of  increase  in  resistance.  This  can  be  attributed 
to  the  better  interfacial  stability  offered  by  higher  level  of  PAN 
content  (90%)  in  the  tri-polymer  blend  [28].  After  four  days  of 


Fig.  9.  Initial  charge-discharge  properties  of  Li/GPE/LiMn204  cells  with  polymer 
electrolytes  based  on  electrospun  PAN-PMMA-PS  blend  membranes  (25  °C,  0.1  C 
rate,  3. 5-4.3  V). 
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Fig.  10.  Cycle  properties  of  Li/GPE/LiMr^CU  cells  with  polymer  electrolytes  based  on  electrospun  PAN  -  PM  M  A- PS  blend  membranes  (25  °C,  0.1  C  rate,  3.5-4.3  V):  (a)  GPE-01, 
(b)  GPE-02,  (c)  GPE-03  and  (d)  GPE-04. 


storage  all  the  GPEs  showed  higher  interfacial  resistance  compared 
to  its  Rit  for  instance,  100, 60, 41  and  64%  increase  is  noted  for  GPE- 
01,  GPE-02,  GPE-03  and  GPE-04,  respectively  with  respect  to  their 
initial  interfacial  resistance. 

3.5.2.  Evaluation  in  Li/LiMn204  cell 

Among  various  cathode  materials,  LiMn204  is  the  most  widely 
used  in  commercial  LIBs  due  to  its,  low  cost,  environmental  sus¬ 
tainability,  high  energy  density,  high  operating  voltage  and  good 
electrochemical  performance  with  charge  cutoff  voltage  4.5  V.  Coin 
cells  are  assembled  by  sandwiching  GPE  between  Li  metal  anode 
and  LiMn204  composite  cathode  film.  The  electrochemical  per¬ 
formance  of  the  cells  is  evaluated  by  galvanostatic  cycling  under 
constant  current  of  0.1  C  between  3.5  and  4.3  V.  Fig.  9  shows  the 
first  charge-discharge  profile  (first  cycle)  of  the  Li/LiMn204  coin 
cells  using  PAN-PMMA-PS  blend  based  GPE  at  25  °C.  Relatively 
high  cathode  utilization  corresponding  to  79.0-82.4%  of  theoret¬ 
ical  capacity  is  achieved.  The  cell  based  on  the  polymer  electrolyte 
with  GPE-01  delivers  initial  discharge  capacity  of  122  mAhg-1.  All 
other  cells  show  a  discharge  capacity  3.3-4.9%  lower  as  compared 
to  cell  with  GPE-01.  The  difference  in  discharge  capacity  is  proba¬ 
bly  due  to  the  difference  in  the  utilization  of  active  material.  The 
GPE-01  shows  the  highest  porosity  and  contains  the  largest  amount 
of  liquid  electrolyte,  and  hence  more  liquid  electrolyte  can  dif¬ 
fuse  from  the  polymer  electrolyte  to  the  composite  cathode,  which 
leads  to  higher  utilization  of  the  active  material.  The  difference 
in  ionic  conductivity  of  the  GPEs  also  may  affect  the  discharge 


property.  However,  the  experimental  capacity  of  all  the  cells  is 
close  to  the  theoretical  capacity  of  LiMn204  (148 mAhg-1).  The 
better  discharge  capacity  profile  has  been  observed  for  the  test 
cells  comprising  GPE-01  with  higher  PMMA  content  when  com¬ 
pared  to  rest  of  the  GPEs  investigated.  This  improved  performance 
is  attributed  to  the  higher  amorphous  content,  electrolyte  uptake 
and  ionic  conductivity  of  GPE-01. 

The  discharge  capacity  versus  cycle  number  for  the  cell  sub¬ 
jected  to  50  cycles  is  shown  in  Fig.  10.  It  is  seen  that  discharge 
capacity  is  slightly  decreasing  with  number  of  cycling.  After 
50  cycles  the  cell  with  GPE-01  retains  a  discharge  capacity  of 
113  mAhg-1,  which  is  92.7%  of  its  initial  discharge  capacity  and 
is  1 .2-7.8%  higher  than  other  cells.  These  results  confirm  the  excel¬ 
lent  efficiency  of  the  PAN-PMMA-PS  blend  polymer  membrane 
to  conduct  the  ions  between  electrodes  during  cycling  processes. 
The  decline  in  the  discharge  capacity  is  not  significantly  pro¬ 
nounced  for  all  the  GPEs.  This  indicates  that  PAN-PMMA-PS  blend 
tri-polymer  membranes  have  good  compatibility  with  electrodes 
(as  discussed  in  Section  3.5.1),  especially  to  lithium  metal.  This 
fade  in  capacity  is  related  to  the  interfacial  property  between  the 
polymer  electrolyte  and  the  electrode.  During  the  cycling,  the  phys¬ 
ical  changes  in  the  active  materials  and  the  passivation  film  on 
the  surface  of  the  electrode  gradually  increase  cell  internal  resis¬ 
tance,  which  results  in  the  discharge  capacity  loss  with  cycling. 
This  evaluation  demonstrates  the  suitability  of  blend  polymer  elec¬ 
trolytes  based  on  an  electrospun  membrane  for  lithium  ion  battery 
applications. 
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4.  Conclusions 

The  polymer  electrolytes  based  on  fibrous  PAN-PMMA-PS 
blend  membranes  are  prepared  by  electrospinning  technique. 
Fibrous  membranes  with  uniform  morphology  having  average  fiber 
diameter  of  ~620-950  nm  is  obtained  under  the  optimized  condi¬ 
tions.  The  thermal  stability  is  found  higher  for  the  polymer  blends 
comprising  higher  PAN  content.  The  crystallinity  of  the  polymer 
blends  are  studied  by  DSC  and  XRD  and  the  results  shows  that 
the  component  polymers  in  the  blends  are  miscible.  The  activa¬ 
tion  of  PEs  has  been  carried  out  by  soaking  the  membranes  in  1  M 
LiPF6  in  EC/DEC.  It  is  worth  to  mention  that,  the  ionic  conductiv¬ 
ity  is  improved  by  increasing  PMMA  content.  Among  the  polymer 
electrolytes  prepared,  the  maximum  ionic  conductivity  is  found 
3.9  x  10-3  Son-1  at  25 °C.  All  PEs  shows  good  compatibility  with 
lithium  metal  electrodes.  The  Li/LiMn204  cell  using  GPE  based  on 
blend  polymer  membranes  delivers  an  initial  discharge  capacity  of 
~120mAhg-1  at  0.1  C  with  stable  cycling  properties  in  room  tem¬ 
perature.  High  electrolyte  uptake,  high  ionic  conductivity,  stable 
interfacial  properties,  and  appreciable  cycle  performance  indicate 
that  PEs  based  on  electrospun  polymer  membranes  can  be  used  in 
future  lithium  ion  batteries. 
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